Abstract: Epoxy resins have excellent mechanical and electrical properties; thus, they are commonly preferred in the electrical-electronic sector as insulation materials. These insulation materials experience degradation such as breakdown, tracking, or treeing. Therefore, safety and reliability tests of insulation materials have great importance in estimating the performance of insulation. These tests must be carried out to decrease the risk of electrical insulation fault. In this study, the relationship between tracking failures and the data obtained during experiments was evaluated. Tracking failure performance of epoxy resin was investigated using the IEC 60112 test standard, which is known as the comparative tracking index test. Leakage current data, collected from the experimental setup recorded from a ground electrode, were decomposed by using the Fourier transform method. The 3rd, 5th, and 7th harmonic distortion components of the leakage current data were calculated and their relationship with the number of drops falling on the sample was interpreted. Then the harmonic distortion components relationship was explained under dirty and clean surface conditions. We explained the tracking pattern formed on the surfaces of the samples after completion of the experiments was decomposed using image processing techniques. The capacity, information, and correlation dimensions of the resulting tracking patterns were calculated using fractal dimension analysis. Shapes in the same terms were examined using fractal dimension analysis.
Introduction
Electrical insulation plays a vital role in the sustainability of electrical transmission systems and electrical devices. Failures in electrical insulation may result in the interruption of electrical transmission and the malfunction of electrical devices. Furthermore, failures in high-voltage insulation can cause severe problems.
Polymers are extensively used as electrical insulation materials due to their reliability, availability, ability to be easily processed, and low cost [1] . Several characteristics of polymers have been investigated to determine their long-term operational performance, such as tracking resistance, dielectric constant (ε), loss factor (tan φ) , and breakdown voltage. Tracking failure is defined as a dielectric breakdown occurring on the surface of polymers. Tracking resistance of an insulation material should be investigated to test the safety and reliability of electrical insulation [2] . The tracking process can be examined as follows [3] :
• A heat increase occurs on the surface due to electrical discharge. A tracking pattern is formed on the surface of a sample due to burning caused by this heat increase.
• Increased carbon density on the surface due to tracking pattern formations results in a greater heat increase.
• Finally, increased carbon density on the surface of a sample forms a conductive path, which leads to the breakdown of the sample [3] .
Epoxy resins, when used in outdoor environments, are subject to environmental conditions that can form an ionized layer on the surface, such as moisture, dust, and salt. The International Electrotechnical Commission (IEC) 60112 test standard is used to model the environmental conditions to which insulation materials are subjected. This standard, also known as the comparative tracking index (CTI), gives fast, precise, significant, and comparative results about the durability and tracking resistance of the insulation material by simulating possible breakdowns that can occur on the surface of insulation materials [4] .
Du et al. used two samples: unfilled (neat) polyethylene samples and polycarbonate samples filled with 3 wt.% polyethylene. They prepared 3-mm-thick samples of 20 × 20 × mm each from polymers and subjected them to gamma rays. Later, they investigated the behavior of gamma ray-saturated samples by using the tracking index test method. As a result of tests performed according to the IEC 60112 standard, the exposure of polycarbonate samples filled with 3 wt.% polyethylene to gamma rays increased their tracking resistance values. They observed that both erosion depth and weight loss values decreased when increasing the total dose from 0 to 100 kGy, whereas they increased when increasing the total dose from 100 to 1000 kGy for the modified polycarbonate sample. They determined the threshold value of tracking resistance for the modified polycarbonate as 100 kGy. Additionally, they indicated that the tracking resistance of unfilled polyethylene samples increased with an increasing dose of gamma rays. They concluded that exposure of polyethylene and modified polycarbonate samples to gamma rays increased their tracking resistances [4] .
Chandrasekar investigated the tracking performances of samples prepared by adding 5, 10, 20, and 30 wt.% nano and micro aluminum oxide (Al 2 O 3 ) particles to silicone rubber by using the CTI test method. Moreover, samples were subjected to accelerated aging tests for 30 days to determine the effects of environmental factors. For aging tests, samples were kept under ultraviolet light and immersed in an acid rain solution. As a result of tests performed by Chandrasekar in accordance with the IEC 60112 standard, it was determined that the reinforcement of silicone rubber with nano Al 2 O 3 particles achieved better tracking resistances than that of micro Al 2 O 3 particles. Considering weight loss in the samples, the author indicated that the tracking resistance values of the sample filled with 5 wt.% nano Al 2 O 3 particles and the sample filled with 30 wt.% micro Al 2 O 3 particles were similar at a rate of 3% [5] .
The shapes of many structures in nature are complex and disordered. The use of fractal geometry is practical and useful for identifying such disordered structures. Studies using fractal geometry date back to nearly a hundred years. However, the acceleration of the development of fractal geometry has shown parallels to that of computer technology. Mandelbrot was the first scientist to carry out important studies of fractal geometry and obtained more significant results than any other scientist's work [6] . The development of computer technology has had an outstanding impact on this important progress. Fractal size analysis is suitable for use in many fields of science such as biology, chemistry, health, and spatial analysis. Shortly, it may be used in any field requiring analysis of a complex shape. In recent years, the fractal geometry concept has been used to evaluate tracking patterns formed on the surface of polymeric materials as a result of aging tests. Du et al. used it to analyze tracking patterns formed on the surfaces of cross-linked polyethylene (XLPE)-Si-rubber samples [7] . Kuntman et al. aged polyester samples according to the ASTM D2303 standard and analyzed tracking patterns by using fractal geometry [8] . Similarly, Liu et al. analyzed microcracks and damage formed on the surface of SiR/SiO materials due to aging experiments by using fractal geometry [9] .
In this study, the tracking performance of epoxy resin, widely used in the electrical-electronic sector for insulation, was investigated. A CTI experimental setup was established in the laboratory in accordance with the IEC 60112 test standard to determine tracking resistance. Before testing epoxy resin samples, their dielectric constant and loss factor values were measured at a utility frequency of 50 Hz in accordance with the IEC 60241 test standard. The relationship between the performance of the unfilled epoxy resin samples at 600 V and their tracking behavior was evaluated using fractal dimension analysis and harmonic distortion analyses of each vaporized drop.
Materials and methods

Comparative tracking index
An experimental setup to determine the CTI of epoxy resin was established based on the IEC 60112 test standard. The CTI test was first accepted by the International Electrotechnical Commission in 1959 [10] . In 2003, it was finalized in the IEC 112 standard. Later, it was developed by the ASTM and approved as D 5288 in 1992 [11] . Lastly, it was revised by the IEC and ASTM in 2009 and 2014, respectively [11, 12] . The experimental setup, prepared in accordance with the IEC 60112 test standard, is shown in Figure 1 . Copper electrodes of 5 × 2 mm, angled at 60
• to each other, were used in this test. The minimum dimensions of the test insulation samples were 15 × 15 × 3 mm and the force on the surface was 1 ± 0.05 N. The concentration of ammonium chloride (NH 4 Cl) in the liquid to be dropped on the surface was 0.1 ± 0.002%. Water used to prepare the solution should be deionized, and its resistivity at 23
• C should be approximately 4 Ω m. The prepared solution is used in a setup to let a drop fall between the electrodes every 30 ± 5 s. The test is completed after 50 drops. According to the test standards, if a tracking pattern is observed before 50 drops have fallen onto the surface of a sample, or if the discharge current passing through the electrodes is above 0.5 A for at least 2 s, tracking failure has occurred [12] [13] [14] [15] .
The experimental setup was established in the High Voltage Techniques (HVT) Laboratory ofİstanbul University and was based on the IEC 60112 test standard, as shown in Figure 2 . The electrode configuration used in the experimental setup is shown in Figure 3 . The prepared epoxy resin samples obtained consist of two components: resin and hardener (mixture ratio:
2/1). Resin samples cured at 40
• C were molded to dimensions of 20 × 20 × 3 mm.
Harmonic analysis
Leakage current data were recorded from a ground electrode of the experimental setup during the CTI experiments carried out in this study. Recording was performed at 48,000 samples/s to clearly observe the breakdown via the leakage current data. These recorded data were decomposed into their harmonic components by computing Fourier transforms. Decomposition into harmonic components was calculated 5 s after the vaporization of each drop falling onto the sample surface. The reason for the choice of time interval was to observe highamplitude discharge current, which starts at vaporization. The basic feature of a high-quality alternating current is a clean and smooth sinusoidal form. However, nonlinear components in systems cause corruptions in clean and smooth sinusoidal waves. Harmonic current components are constituted from nonlinear loads.
Here, I n and δ n are the rms value of the current and the phase angle of the n th harmonic, respectively. ω 1 is the angular frequency of the fundamental. In the equation, DC terms are ignored for simplicity. 
Harmonics cause extra losses in engines, generators, capacitors, and energy transmission lines [16] . Ideal insulation materials are modeled as capacitance. Harmonic current components increase with increasing losses in capacitors, which leads to increased harmonics as well as insulation-induced losses. In this study, the 3rd, 5th, and 7th harmonic components of the leakage current data, recorded from the ground electrode of the experimental setup, were calculated using the Fourier transform method.
Fractal dimension analysis
Contrary to standard geometric shapes, tracking formed on the surface of insulation materials is disordered. These disordered structures cannot be evaluated by Euclidian geometry. Fractal geometry is used to evaluate such types of disordered structures. Complex geometric shapes showing self-resemblance features are called fractals. Fractals include tiny copies of themselves in their structures. In other words, they are geometric shapes repeating themselves at smaller scales. The most important feature of fractals is self-resemblance. This is very common in nature. Based on developments in computer technology, Mandelbrot was the first person who comprehensively investigated the fractal size analysis and obtained significant results [17] . Fractal size analysis originated as a study field in mathematics. However, nowadays it is used in various fields, such as biology, physical chemistry and fluid mechanics to analyze complex geometric shapes. In recent years, it has been used to analyze tracking formed on the surface of insulation materials as a result of accelerated aging methods using high voltage techniques [8, 9, [18] [19] [20] [21] [22] .
Various approaches are used in calculating fractal dimensions: box-counting, fractal measure relations, correlation functions, and distribution functions. In this study, fractal dimensions of tracking occurring on the surface of samples were calculated by using the box-counting method. Mandelbrot presented the box number in L dimensions, N(L), to be a power function as follows [17] :
where N(L) is the number of boxes, K is a constant, L is the dimension, and DF is the fractal set of dimensions.
While evaluating tracking patterns occurring on the surfaces of epoxy samples by fractal dimension analysis, three quantifications in fractal dimension analysis were considered: the capacity dimension, the correlation dimension, and the information dimension.
The capacity dimension is used to calculate the fractal dimension of complex shapes [8, 23, 24] . Basically, the shape picture is divided into boxes, pixel by pixel. Frequency data are not considered in the calculation of the capacity dimension; rather, whether any box is empty or full is considered. In other words, the calculation depends on the logic response of the box (true or false). This dimension is called the capacity dimension because it is calculated according to the data it includes. The capacity dimension in fractal dimension analysis is defined as follows:
, where N( ε) is the number of boxes and ε is the side length of a box.
The correlation dimension is a fast and practical method to define the fractal dimension of a shape. It is defined in fractal dimension analysis as follows:
lnε ,
where n i is the number of points in the i th volume element andN is the total number of points in the trajectory.
The information dimension is a dimension value for the capacity dimension obtained by using probabilities. It can be defined as the point density in a certain cell. A fraction of the information is lost as the calculation of the capacity dimension approaches its mathematical limits. Lost information is referred to as the information dimension. The reason for the lost information is the complexity of its shape. The information and correlation dimensions are similar. The information dimension in fractal dimension analysis can be defined as follows:
where n i is the number of points in the cell, N is the total number of points in the image, and N(ε) is the minimum box size to cover the image.
Results
In this study, CTI tests were performed under laboratory conditions by using an experimental setup established in accordance with the IEC 60112 standard. A 600-V potential was applied to unfilled epoxy samples. All the samples used in this study were produced at theİstanbul University HVT Laboratory. Before testing the epoxy samples, their relative dielectric constant ( ε r ) and loss factor (tan φ) values were measured at a mains utility frequency of 50 Hz according to the IEC 60243-1 standards. IEC 60243-1:2013 provides test methods for the determination of the short-time electric strength of solid insulating materials at power frequencies between 48 and 62 Hz [25] . Therefore, the dielectric properties of all tested samples were verified. A 0.1% NH 4 Cl solution was dropped onto the surface of the samples every 30 ± 5 s. The leakage current data passing through the sample surfaces were recorded for 50 drops, and the tracking pattern formed on the surface was observed after 50 drops. The 3rd, 5th, and 7th harmonic components were obtained from leakage current data by using a Fourier transform. The tracking pattern formed on the surface after 50 drops was evaluated in terms of fractal dimension.
The relative dielectric constant (ε r ) and loss factor (tan φ) values at a mains utility frequency of 50 Hz for epoxy samples were measured according to IEC 60241 standards. By using those values, we calculated the capacitance and real and imaginary parts of the complex dielectric constant. The average obtained values for 5 samples are shown in Table 1 . The changes in the 3rd, 5th, and 7th harmonic components of leakage current data, measured from the surface of the sample after ammonium chloride solution was dropped onto it, are shown in Figure 4 . It is clearly seen that these harmonic components gradually increased until a tracking pattern failure was formed on the surface of the sample and then increased to a maximum after the 7th drop fell onto the surface of the sample, causing tracking failure. A decrease occurred in the magnitudes of the 3rd, 5th, and 7th harmonic components after the formation of a carbonized conductive path on the surface of the sample. For subsequent drops, these increases and decreases repeated themselves as a result of the tracking pattern, descending deeper into the surface. The most remarkable point was that the 5th harmonic component, measured just after the first drop, was higher than the 3rd harmonic component, whereas the 3rd harmonic component became higher than the 5th component as the impurity level increased on the surface of the sample after the first drop. Ahmedi-Joneidi et al. tested silicone rubber insulators according to the IEC 60507 standard. They indicated that the 5th harmonic component of insulators is higher than the 3rd harmonic component under clean conditions. However, under dirty conditions (i.e. high impurity levels), they indicated that the 3rd harmonic component was higher than the 5th harmonic component [26] . The findings obtained by Ahmedi-Joneidi et al. agree with those obtained in this study.
After repeated experiments were carried out at 600 V using 5 epoxy samples, a tracking pattern formed on the surfaces of 3 epoxy samples, which gave significant and consistent results. The tracking pattern was transformed into a monochrome image format using image processing methods. The capacity, information, and correlation fractal dimension values were calculated for the tracking produced. Uzunoglu et al. evaluated the performance of tracking on the surface of polymeric materials, based on the IEC 587 inclined plane test standard. They used fractal geometry to investigate random tracking patterns formed on the surface of the samples. They indicated that the use of this method gives significant results when evaluating random tracking patterns [8] . A tracking pattern formed on the surface of the first epoxy sample and its capacity dimension graph is shown in Figure 5 while the calculated fractal dimension values of the first epoxy sample are shown in Table  2 . The information and capacity dimension values take close values. The difference between the correlation dimension and these two dimension values is approximately 5%.
The tracking pattern formed on the surface of the second epoxy sample and its capacity dimension graph are shown in Figure 6 , and the calculated fractal dimension values of the second epoxy sample are shown in Table 3 . The difference between the capacity dimension values calculated in Figures 5 and 6 is approximately The tracking pattern formed on the surface of the third epoxy sample and its capacity dimension graph is shown in Figure 7 , and the calculated fractal dimension values of the third epoxy sample are shown in Table 4 Figure 5 and those in Figures 6 and 7 is approximately 5%. The capacity, information, and correlation dimension values of three epoxy samples differed by a maximum of 1.83423%, 2.70304%, and 3.88815%, respectively. Therefore, although the tracking patterns formed on the surfaces of the samples are different, depending on the condition of the drop that falls, it can be said that the fractal dimension values of epoxy samples are consistent. Moon and Grassberger and Procaccia indicated that the difference between capacity, information, and correlation dimension values used in fractal dimension analysis were negligibly small [27, 28] . Based on these studies, it can be deduced that there are small differences between the values calculated using various equations. In this study, the difference between capacity, information, and correlation dimension values calculated for each tracking pattern is small, which reveals a parallel with the studies conducted by Moon and Grassberger and Procaccia.
Conclusion
This study was carried out to evaluate the performance of tracking pattern formation on the surface of epoxy resin material, which is used for electrical insulation. As a result of this study, the following observations were made:
• Tracking failure was observed after the 7th drop fell onto the surface of the epoxy resin sample.
• It was observed that the 3rd, 5th, and 7th harmonic distortion values reached their maxima at the 7th drop when tracking failure occurred. Additionally, as carbon density increased on the surface of the sample, these harmonic values decreased.
• Although the 5th harmonic distortion value calculated when the first drop fell onto the surface of the sample was higher than the 3rd harmonic distortion value, the 3rd harmonic distortion value was higher than the 5th harmonic distortion value for subsequent drops. The NH 4 Cl solution used in this study models environmental impurity. Therefore, when the impurity level on the surface of a sample increases, it can be said that the 3rd harmonic distortion component starts to become higher than the 5th harmonic distortion component.
• The shape of the tracking pattern formed on the surface of the sample as a result of tests repeated at the same voltage level differed, depending on the condition of the drop falling onto it. These tracking patterns showed similar behaviors in terms of fractal geometry. According to this result, it is seen that evaluating the analysis of shapes with chaotic characteristics by using fractal geometry gives significant results.
